Vaccinia virus-induced morphological lesions were studied in LLC-MK2, HeLa and L cells. In LLC-MK2 cells, cell rounding occurs within 3o to 6o min after infection with 3oo, 9oo or 27oo particles/cell and the time of appearance of these changes is dependent on the multiplicity of infection (m.o.i.). When cycloheximide (3oo #g/ml) is added to cultures at the time of infection, early cell rounding is prevented regardless of the m.o.i. However, cell rounding does occur when cycloheximide is removed, and its time of appearance and extent depends upon the time of removal of the compound and the m.o.i. Upon removal of cycloheximide at I or z h after infection early cell rounding occurs, and virus polypeptide synthesis is evident in ceils infected at all three multiplicities. However, when the drug is removed at 4 h after infection, cell rounding and virus polypeptide synthesis occur only in cultures infected at 3oo particles/cell. Early morphological changes are also prevented in HeLa and L cells infected at 3oo particles/cell in the presence of cycloheximide. These changes occur only if the compound is removed up to e h after infection in HeLa cells and up to 4o rain after infection in L cells. Early morphological lesions are not seen if the compound is removed at later times. The occurrence of early morphological changes in HeLa and L cells is also correlated with the synthesis of virus polypeptides. All cell types, when infected at 270o particles/ cell in the presence of cycloheximide, or inhibitors of RNA synthesis, display cell fusion. Thus, whereas early morphological changes require virus protein synthesis to become manifest, cell fusion occurs in the absence of virus RNA or protein synthesis and may be mediated by a component of the virion.
INTRODUCTION
Morphological changes are seen very rapidly after infection with vaccinia virus. Because these changes also occur after infection with inactivated virus they have been attributed to a toxic component of the virion (Brown et al. t959, Hanafusa, I96o) . However, further studies (Bablanian, I968, J97o) relationship between vaccinia virus-induced early morphological changes and virus-induced protein synthesis. The results suggest that the synthesis of a virus specific protein(s) may be required for the occurrence of early morphological changes.
METHODS
Virus. The WR strain of vaccinia virus was grown in HeLa cells, purified, and the number of particles counted as previously described (Bablanian et al. I977) .
CelLeult~tres. The maintenance and infection of LLC-MK2, HeLa and L cells has been described previously (Bablanian et al. I977) .
General scheme of experiments. Cells grown in reinforced Eagle's medium (REM) (Bablanian et al. I965) with IO% foetal bovine serum in Linbro plates (35 x IO ram) were infected with o'4 ml of purified virus in the presence or absence of compounds as previously described (Bablanian et al. 1978) . Morphological lesions were determined by counting both the rounded and flat cells and expressing the results as the percentage of rounded cells. Polyacrylamide gel electrophoresis and autoradiography (PAGE) was performed as previously described (Bablanian & Russell, I974) . The sp.act. (ct/min/#g protein) of samples was determined by measuring the acid-precipitable counts in a scintillation counter and protein was estimated by the method of Bramhall et al. (I969) .
Chemicals and radioisotopes. ~SS-methionine (2oo to 5oo Ci/mmol) was obtained from New England Nuclear, Boston, Mass. Cycloheximide was purchased from Mann Research Laboratories, N.Y. Actinomycin D (Cosmegen) was purchased from Merck, Sharp and Dohme, Rahway, N.J. Cordycepin, 3-deoxyadenosine, was obtained from Sigma Chemicals Co., St Louis, Missouri.
RESULTS

Relationship between multiplicity of infection and early cell rounding in LLC-MK2 cells
Cells were infected with vaccinia virus at various multiplicities in the presence of cycloheximide. At 4 h after infection the compound was removed and the cultures examined I h later (Fig. I) . Cell rounding occurs in all cells infected at a multiplicity of 300 particles/cell (Fig. I a) . However, in cultures infected at 9oo particles/cell, rounding is seen only in a few cells (Fig. I b) , and is completely absent in cuttures infected at 2700 particles/cell (Fig. I c) . Although cell rounding is prevented in cultures infected at 2700 particles/cell in the presence of cycloheximide, cell fusion is evident. This latter observation has been previously reported (Mbuy & Bubel, I976) . These results suggest that early cell rounding and cell fusion, both manifestations of vaccinia virus cytopathic effects, may not be caused by the same mechanism. In a similar study cells were infected at these three multiplicities in the presence of cycloheximide and the compound was removed at hourly intervals after infection. The number of rounded cells was counted I h later (Fig. 2) . Cell rounding is maximal in cultures infected at all three multiplicities if cycloheximide is removed at I h after infection. The number of rounded cells in cultures infected with 2700 and 9oo particles/cell progressively decreases as the removal of the drug is delayed, and when the compound is removed at 4 h post infection (p.i.), cell rounding is completely prevented. However, at earlier times, a greater number of cells show rounding in cultures infected at 900 particles/cell. Maximal cell rounding is seen in cultures infected at 3o0 particles/cell if the drug is removed up to 3 h p.i., and even at 4 h, 6o % of the cells show rounding I h after removal of cycloheximide. These results indicate that early cell rounding is dependent both on the m.o.i, and the time of removal of cycloheximide. Since our previous work (Bablanian et al. I978) had shown that inhibition of overall protein synthesis was directly related to the m.o.i., the relationship between protein synthesis and early ceil rounding was investigated under similar conditions of infection and treatment with cycloheximide.
Relationship between protein synthesis and early cell rounding in infected LLC-MK2 cells
Cells were infected at 27oo, 9oo and 3o0 particles/cell in the presence of cycloheximide. The compound was removed at hourly intervals and the rate of protein synthesis determined by a 3o rain pulse with 35S-methionine (Fig. 3) .
The extent of inhibition of overall protein synthesis is greatest in cultures infected at the highest multiplicity, and decreases as the m.o.i, is lowered. These results indicate that the extent of early cell rounding (Fig. 2) is inversely related to the rate of inhibition of protein synthesis. A qualitative analysis by P A G E followed by autoradiography of the proteins synthesized upon removal of cycloheximide from LLC-MK2 cells infected at various multiplicities has been presented in the previous paper (see Bablanian et al. I978, Fig. 5 Time (h) V 900+C V 2700 + C Fig. 2 . Rate of early cell rounding after the removal of cycloheximide from LLC-MK2 cells infected at various multiplicities with vaccinia virus. Cells were infected at various multiplicities in the presence of cycloheximide (3oo'#g/ml) as indicated. At hourly intervals, for a period of 4 h, the compound was removed by washing the cultures three times with warm PBS from three plates infected at 3oo, 900 or 2700 particles/cell. Cell rounding was quantified I h after the removal of the compound.
prominent in cultures infected at a multiplicity of 2700 particles/cell. At 2 h after infection however, virus polypeptide synthesis becomes more striking in cultures infected at a multiplicity of 300 and 9oo. If the compound is removed at 3 or 4 h after infection virus polypeptide synthesis is seen only in cultures infected at a multiplicity of 30o particles/cell. Host polypeptide synthesis becomes progressively inhibited with time. This inhibition first becomes evident at I h p.i. in cultures infected at a multiplicity of 2700 particles/cell and at later times in cultures infected at lower multiplicities. The inhibition becomes more profound with time in cultures infected at all multiplicities. These results indicate that early cell rounding is seen after the removal of cycloheximide only if virus polypeptide synthesis occurs in infected cultures regardless of whether or not host polypeptide synthesis is inhibited.
Relationship between time of reversal of eycloheximide and early morphological changes in HeLa cells infected with vaeeinia virus
Early morphological changes seen in HeLa cells infected with vaccinia virus (3oo particles/ cell) differ from those seen in LLC-MK2 cells. HeLa cells (Fig. 4a) show changes on the cell membrane making cellular margins more refractile instead of the complete rounding observed in LLC-MK2 cells. When cells are infected in the presence of cycloheximide and the compound removed at 1. 5 h after infection, early morphological changes are seen Time (h) Fig. 3 . Rate of total polypeptide synthesis after the removal of cycloheximide from LLC-MK2 cells infected at various multiplicities with vaccinia virus. Cells, infected as in Fig. 2 , were labelled with 35S-methionine for 3o min at the indicated times after infection. The inhibition of polypeptide synthesis was determined by comparing the specific activity of each sample to that of a mockinfected control.
( Fig. 4 c) . In contrast, when the drug is removed at 4 h after infection, early morphological changes are prevented (Fig. 4d) . Fig. 5 shows the polypeptide patterns obtained by PAGE from infected, infected-treated, treated and untreated cultures at I'5 and 4 h p.i. When the compound is removed at 1.5 h after infection, polypeptide synthesis occurs which is predominantly host specific. However, it is possible to discern several bands which co-electrophorese with early virus-induced polypeptides (Fig. 5, arrows) . In contrast, both host and virus polypeptide synthesis remain markedly inhibited when the drug is removed at 4 h after infection. These results indicate that the occurrence of virus-induced polypeptide synthesis after the removal of cycloheximide correlates with the development of early morphological changes (see Fig. 4 ).
Relatiomhip between time of reversal of cycloheximide and pol)Teptide synthesis in Hela cell infected with vaccinia virus
Relationship between time of reversal of cycloheximide and early morphological changes in L cells infected with vaccinia virus
Early morphological changes in L cells occur within 4o to 6o min after infection at 3oo particles/cell (Fig. 6a) . These early changes are in the form of cell rounding and may be seen in infected cycloheximide-treated cultures if the drug is removed up to 4o rain p.i. (Fig. 6¢) . However, if the compound is removed at 6o min p.i., early cell rounding is prevented (Fig. 6d) .
27-2 Fig. 7 shows that polypeptide synthesis occurs when cycloheximide is removed from infected cells at 4o min but not at 6o min after infection. As was the case with HeLa cells, some of the polypeptides seen after the removal of the compound co-electrophorese with virus-induced polypeptides (Fig. 7, arrows) . These results again show that early morphological changes occur when virus-induced polypeptide synthesis is evident. Virus-induced events which lead to the inhibition of total protein synthesis occur more rapidly in L cells than in HeLa or LLC-MK2 cells.
Relationship between time of reversal of cycloheximide and polypeptide synthesis in L cells infected with vaccinia virus
Vaccinia virus-induced cell fusion in the absence of virus replication
During these studies it was repeatedly observed that when cells were infected at relatively high multiplicities in the presence of cycloheximide (Fig. 8) (Fig. 8a3) , but is also seen in HeLa (Fig. 8b3) and L L C -M K 2 cells (Fig. 8e3) . In infected L and HeLa cells, where cycloheximide is not present (Figs. 8a4 and 8b4) cell fusion is also evident 20 h after infection, but in L L C -M K 2 cells the predominant late morphological changes are in the form of clustered rounded cells (Fig. 8 c4) . glycosylated form of the virus haemagglutinin causes cell fusion 'from within'. Our results with the WR strain of vaccinia virus indicate that, unlike NDV (Bratt & Gallaher, t969) and most paramyxoviruses in general, the vaccinia virion does not contain a factor very highly active in cell fusion 'from without'. However, fusion in the absence of virus replication may be demonstrated if cells are infected at high multiplicities and early cell rounding prevented by inhibitors of RNA or protein synthesis.
DISCUSSION
Cells infected with poxviruses demonstrate a variety of morphological changes. These include early cell rounding, the appearance of cytoplasmic inclusions, cell fusion, and ultimate degenerative changes (reviewed by Bablanian, I975) . It is important to emphasize that these alterations are distinct responses to infection and are not necessarily caused by the same mechanism. Indeed we have been able to show for the first time that at least two of these cytopathic effects, namely cell fusion and early cell rounding can be dissociated. vaccinia virus (3oo particles/cell) in the presence (+) or absence ( -) of cycloheximide (3oo/~g/ml). Control cultures were treated (C) or untreated (U) with the compound. At 4o and 60 rain after infection cycloheximide was removed from the treated cells and all cultures were labelled for 3o min with ~sS-methionine. Arrows indicate some virus-induced polypeptides not found in uninfected cells. (Brown et al. I959) . However, our present results as well as previous observations in our laboratory (Bablanian, I968, 197o) have provided evidence that newly synthesized virus polypeptides are related to early cell rounding. We have been able to correlate the development of early cell rounding with virus polypeptide synthesis in the following ways. (I) Cycloheximide can prevent early cell rounding in all cell types tested. (2) The occurrence of protein synthesis upon cycloheximide reversal depends on the multiplicity of infection, the cell type, and the time after infection when the compound is removed. In each instance, cell rounding is only seen when virus polypeptide synthesis is demonstrable. This occurs regardless of whether or not host cell polypeptide synthesis is inhibited. These results strongly suggest a role for newly synthesized virus polypeptides in virus-induced early cell rounding. Consistent with this suggestion is the observation that inhibitors of RNA synthesis can also prevent early cell rounding (Bablanian, I968) . Additionally, when the synthesis of early virus R N A is not regulated (i.e. in the presence of cycloheximide), virus protein synthesis does not resume (Bablanian et al. I978) and under these conditions early cell rounding does not occur when cycloheximide is removed. Immediately upon removal of cycloheximide, only early virus polypeptides are synthesized. Thus, it can be concluded that early cell rounding is related to the synthesis of an early virus polypeptide(s). In support of this conclusion is the observation that early cell rounding can cccur in the presence of 5-fluoro-2-deoxyuridine, an inhibitor of D N A synthesis (Bablanian, I968) Cell fusion represents a distinct late cellular response to infection with certain strains of vaccinia virus. It has been suggested that this phenomenon is produced by a non-glycosylated form of the virus-induced haemagglutinin present on the cell surface (Ichihashi & Dales, I97I ; Stern & Dales, I976; Weintraub et al. I977) . We have shown that cell fusion is demonstrable early in infection in the presence of cycloheximide and inhibitors of R N A synthesis. Thus, this phenomenon is most probably related to an effect of a virion component. It remains to be demonstrated that early cell fusion is related to the late cell fusion 
